In the present paper we review our findings on ethylene adsorption on clean and oxygen covered Ag(001) surfaces investigated by dosing the gas with a Supersonic Molecular Beam and analysing the adsorption state either by High Resolution Electron Energy Loss Spectroscopy or by High Resolution X Rays Photoemission Spectroscopy. The final adsorption state depends on the translational and on the internal energy of the gas-phase molecules and on the presence of defects. At low translational energy ethylene either physisorbs or very weakly chemisorbs at flat terrace sites. The physisorption probability is thereby hindered by rotational excitation. A more strongly bound, π bonded, state forms at higher translational energy, the activation barrier being related to the energy needed to form the relevant defect at which chemisorption takes place. A further even more strongly bound state forms only when dosing vibrationally excited molecules from the gas phase.
Introduction
In recent years the interaction of ethylene with Ag surfaces has been the subject of several investigations, mainly because of the role of Ag as a uniquely selective catalyst in the ethylene epoxidation reaction. 1, 2 More generally the interaction of ethylene with different metal surfaces is the subject of a huge and rapidly increasing literature, due to the prominent role of hydrocarbon chemistry in modern industry and catalysis. 3, 4 Ethylene was found to react and to chemisorb in different states on the different metal substrates, forming either π or σ bonded molecules or several species of dehydrogenated radicals, like C 2 H 3 , CCH and CH, which further decompose upon annealing, leaving either atomic C or C 2 molecules at the surface for temperatures higher than 500 K.
3 From the energetic point of view, the metal-carbon bond energy has been directly measured by Single Crystal Adsorption Calorimetry (SCAC) on Pt, 5 on Ni and Pd. 6 For some systems the nature of the species formed after adsorption is coverage dependent, with the most dehydrogenated species forming at low coverage and molecular chemisorption occurring eventually at high coverage. Ethylene adsorption on Ag surfaces was investigated recently by several groups. Backx et al.
1 studied ethylene adsorbed on clean and oxygen precovered Ag(110) concluding that it chemisorbs molecularly at 110 K only in presence of subsurface oxygen or of oxygen adatoms. The vibrational spectra indicate that the chemisorption state is similar and corresponds to π-bonding with the molecular axis parallel to the surface plane. π-bonding is confirmed by the desorption temperature of 140 K. Ultraviolet photoemission spectroscopy (UPS) investigation of the same system 7 confirmed these findings on the adsorption geometry. Only one paper deals, to our knowledge, with ethylene adsorption on Ag(111). 8 It reports on a π bonded state desorbing between 128 and 140 K, depending on coverage, and of more strongly chemisorbed molecules, produced after irradiation with electrons at 50 eV and desorbing at 200 K.
Ethylene adsorption on Ag(001) was investigated by Arvanitis et al. 9 by near edge adsorption fine structure, showing that at 50 K the molecules lie flat on the surface. On the basis of this data, Tang et al. 10 concluded that the molecules are adsorbed with the C-C bond parallel to the 001 direction, with the H atoms coplanar with the carbons. Slater et al.
11 measured the vibrational spectra with Infrared Reflection Absorption Spectroscopy (IRAS) under dynamic pressure conditions. At the lowest pressure (10 −8 mbar) the wag mode is at 118 meV. At higher pressure a further mode appears at 381 meV, which is assigned to an asymmetric stretch, whose dipolar activity implies a tilt of the admolecules by rotation about the C-C axis. They also investigated the role of chlorine coadsorption, finding a strong stabilization of the adsorbate and a shift of the wag mode to 121 meV. No ethylene adsorbed is however abserved on the c(2 × 2) Cl overlayer, indicating that all available sites are blocked by Cl. Desorption of C 2 H 4 on Ag(001) was found to occur over a wide temperature range, peaked around 143 K for sub-monolayer coverage.
9 Multi-layer desorption takes place at 85 K. In the present paper we report a summary of our experimantal results for C 2 H 4 adsorption on clean and oxygen precovered Ag(001) and on stepped Ag(n10) surfaces. The paper is organised as follows: in Section 2 we describe the experimental apparatus, in Section 3 we turn to the presentation of experimental results on adsorption of ethylene on different Ag surfaces, Section 4 is devoted to the discussion and interpretation of the data and, finally, in Section 5 we draw some conclusions.
Experimental Set-Up
Most of the measurements reviewed in the present paper were recorded in Genoa with an apparatus coupling a supersonic molecular beam with High Resolution Electron Energy Loss Spectroscopy (HREELS) and other surface diagnostic methods. A schematic of the setup is shown in Fig. 1 . A flag intercepting the molecular beam in the main chamber allows one to perform retarded reflector measurements of the sticking coefficient taking advantage of a quadrupole mass spectrometer not in line of sight with the beam. 12 The experimental apparatus was thoroughly described in Ref. 13 . X-ray Photoemission Spectroscopy (XPS) data were taken at the SuperESCA beam line at the ELETTRA Synchrothron Radiation Source in Trieste, which is also equipped with a supersonic molecular beam.
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The samples employed are single crystals cut within 0.1
• from the 001 , 1
• from the 410 and 0.25
• from the 210 surface planes, respectively. They are cleaned in UHV by sputtering the surface at room temperature with 1 KeV Ne ions and annealing to 700 K; the cleanliness of the sample was checked either by HREELS and Auger Electron Spectroscopy (AES), or by XPS, while the degree of surface order was inspected by Low Energy Electron Diffraction (LEED). The temperature of the sample is measured in both experiments by a chromel-alumel thermocouple.
The HREEL spectrometer was designed and built 15 in our Department following Ibach's prescriptions 16 and is digitally controlled by home built electronics. Energy loss spectra were taken in specular, at an electron energy E e = 1.7 eV and at an angle θ e = 63
• from the normal to the surface. Ethylene dosing occurred via supersonic molecular beams. The internal and translational energies of the molecules were chosen independently either by seeding ethylene in He or by heating the ceramic nozzle. Nozzle temperatures T N up to 910 K were used in Genova, while only experiments performed with the nozzle at room temperature (RT) were possible when working at SuperESCA. The flux Φ of the beam was measured by a spinning rotor gauge and read 0.2 ML/sec (0.1 ML/sec) in Genova and 0.007 ML/sec (0.014 ML/sec) in Trieste for the pure beam (3% ethylene seeded in He). The translational energy of molecules E t was determined by time of flight (TOF) measurements. A mechanical chopper is placed to this purpose in the second stage of the molecular beam source and TOF spectra are measured by a Quadrupole Mass Spectrometer (QMS), in line of sight with the molecular beam source. The measurements were corrected for the delay caused by the time needed by the ions to move from the ionization region to the detector. The latter was evaluated by imposing that the translational energy for a pure supersonic neon beam is given by
where k is Boltzmann's constant and γ is the constant pressure to constant volume specific heat ratio. The advantage of using Ne instead of ethylene is that for a noble gas γ = 5 3 at all temperatures. When heating the nozzle, the internal energy of the gas molecules is also affected. We note indeed that rotational and vibrational excitations behaves differently during the supersonic expansion. Indeed the rotational temperature T rot is lower than the nozzle temperature due to relaxation occurring during the supersonic expansion: for ethylene T rot changes from 12 K for the nozzle at room temperature to 110 K for T N = 910 K. 17, 18 On the contrary, when vibrationally excited levels are populated, no substantial vibrational cooling occurs during expansion, 19 so that their population can be directly calculated from T N . At T N = 910 K the low energy modes (molecular bending) are significantly excited while the internal stretch motion is still in the fundamental state. We remind that the effect of electronic excitations can be disregarded even at the highest T N in the present experiment.
A quite important point for the experiments in Genova was to verify the absence of significant pyrolysis in the nozzle. We therefore checked the fragmentation spectrum of the gas in the beam at different T N by using the QMS in the line of . 2 . Intensity of the fragmentation peaks at mass 26 and 27 as a function of T N for a C 2 H 4 molecular beam. The intensity is normalized to the one of the peak at mass 28. The mass spectra are recorded via lock-in detection of a chopped beam, thus removing the background. The ion energy is set at 16 eV to take advantage of threshold detection of changes in the mass spectra.
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sight with the beam and taking advantage of lock-in detection. To this purpose the energy of the electrons in the ionizer was set to 16 eV (instead of the usual value of 70 eV), i.e. immediately above the threshold for the appearance of the two main fragmentation peaks for C 2 H 4 , at masses 27 and 26. The ratio of the intensity of these peaks to the one at mass 28 is shown in Fig. 2 . The peak at mass 27 increases by only 1.5% between 300 and 870 K, while the peak at mass 26 changes smoothly from 5% to 10% over the same T N range. These changes are compatible with the increased fragmentation probability due to the vibrational excitation of the incident molecules. Indeed if we perform an Arrhenius analysis of our fragmentation data we get an activation energy of ≈ 0.2 eV for the fragment at mass 26, compatible with the energy of internal modes of the ethylene molecule. This test allows one to conclude safely that the initial sticking probability measurements are unaffected by pyrolysis.
Excluding an effect of pyrolysis also for the longer exposure is less straightforward. We notice however that the changes in the HREEL spectra occur abruptly above 850 K, 20 while the intensity of masses 26 and 27 increases smoothly with T N . Moreover the intensity of the peak at mass 26 changes by only 1% in the T N range where differences in the HREEL spectra are relevant. If significant at all, pyrolysis should therefore affect at most 1% of the incident molecules. Since the sticking probability in these conditions is of the order of 10% only one tenth of the admolecules might originate from fragments already present in the beam. This fraction is too low to affect our results significantly except possibly for the species responsible for the high CH stretch intensity at the highest T N .
Experimental Results

Physisorption
When dosing ethylene on Ag(001) at a crystal temperature T S = 105 K with a room temperature nozzle (E t = 0.10 eV), a metastable state is populated. 17 An uptake experiment performed with the retarded reflector method is shown in Fig. 3 . Initially the beam enters the main chamber but is intercepted by an inert flat placed in front of the sample. An ethylene pressure builds up, whose value is determined by the beam flux and by the pumping speed of the vacuum system. The reported curves are normalised to such equilibrium pressure. As soon as the inert flag is removed the beam strikes the surface and the ethylene partial pressure decreases because of the pumping action of the bare surface. The phenomenon continues until the surface reaches the saturation coverage. In the experiment reported in Fig. 3(a) the situation is dynamical since, as soon as an inert flag stops the molecular beam again, the pressure increases because of the desorbing flux. The measured lifetime of 0.7 sec corresponds to an adsorption energy of 0.25 eV, assuming a prefactor of 10 12 Hz, and is therefore compatible with physisorption. 21 In the case of Fig. 3(b) , on the contrary, little or no desorption takes place when the beam is intercepted, indicating that most of the molecules are in a chemisorbed state, stable at 105 K. . The translational energy is the same but the internal energy is not. The drop in the pressure corresponds to adsorption occurring at the sample when the inert flag SH2 is turned down while the increase observed for the cold beam corresponds to partial desorption occurring when SH2 is turned up and the beam no longer hits the surface. Note the small offset between the level before the flag SH2 is turned down and the asymptotic level reached during dosing which has to be substracted when evaluating the true sticking probability.
The initial adsorption probability S 0 corresponds with the interaction with the bare surface and it is therefore not affected by desorption. Normal incidence data are shown in Fig. 4 as a function of impact energy. S 0 decreases with increasing translational energy as expected for a non-activated system and does not obey normal energy scaling (not shown), indicating that the ethylene-surface interaction potential is corrugated. 4 More importantly, the sticking probability is affected by the internal energy of the molecules, since the data recorded for E t = 0.36 eV with pure beam (T N = 870 K, rotationally hot molecules) and with a seeded beam (T N = RT , cold molecules) are different. An effect of vibrational excitations can be ruled out, because:
(a) they usually favour adsorption, (b) the occupation number of the vibrationally excited states does not follow the smooth decrease of S 0 with E t and, as will be shown below, (c) the decrease in the sticking probability is larger than the fraction of excited molecules present in the beam so that they cannot account for the magnitude of the observed effect.
Rotations are, on the contrary, a good candidate since the energy levels are much closer and since the rotational motion is known to reduce steering towards the favourable geometry for chemisorption. 22 In the case of physisorption the effect is due to steric hindering since cartwheel motion prevents the molecule from coming close enough to the surface to enter into the adsorption well. 22 This discovery is important for chemistry since it is expected to affect physisorption of all prolate molecules and physisorbed moieties often act as precursors to chemisorption.
Vibrations are on the other hand responsible for the difference in the desorption yield in the experiments of Figs. 3(a) and 3(b), which correspond to the same translational energy but different nozzle temperatures. For the hot nozzle most of the stuck molecules are chemisorbed.
Chemisorption
Clean Ag(001) surface
Drawing a clear cut line between physisorption and chemisorption is not an easy task for ethylene/Ag since π bonding implies a minimal charge transfer and little or no distortion of the admolecules. Indeed, XPS experiments performed at 91 K show evidence for three chemisorbed moieties (see Fig. 5 ). The least stable of these states has a C(1s) binding energy of 285.2 eV, to be compared with 285.3 eV of physisorbed molecules, and desorbs at T = 100 K (Ref. 14) leaving on the surface another weakly bound moiety characterised by a C(1s) energy of 284.8 eV. From the desorption temperature and assuming a prefactor of 10 12 Hz we estimate an adsorption energy of 0.27 eV; it is therefore only slightly more stable than physisorbed molecules. This species was not detected by HREELS since it is metastable at the When dosing with a seeded beam (with kinetic energy 0.36 eV) a more strongly bound moiety, with C(1s) binding energy of 283.6 eV is left on the surface after desorbing the E B (C1s) = 284.8 eV species. This moiety desorbs eventually at T = 140 K, i.e. in the range of desorption temperatures of π-bonded ethylene for the other Ag surfaces. As shown in Fig. 6 , recording HREEL spectra after dosing ethylene at T S = 105 K with the pure beam at different T N , stable moieties are detected on the surface only for T N ≥ 850 K for which loss peaks are present at 32 meV and 117 meV with little intensity at 367 meV. The first corresponds to the molecule/surface vibration. The second to the hydrogen wag mode. The third to the C-H stretch vibration. The energy of 117 meV is very close to the value of 120 meV reported for adsorption on Ag (110) Slater et al. 11 under dynamic pressure (118 meV) and to the gas phase frequency (119 meV). Vibrational spectroscopy tells us therefore that this species is very little distorted and weakly bound to the surface. A similar spectrum is recorded when dosing with the seeded beam at T N = 300 K, i.e. with a translational energy (0.35 eV) quite close to that of the pure hot beam with T N = 850 K (0.35 eV). Our experiments demonstrate however that it is accessed only by translationally hot molecules. The presence of an activation barrier for adsorption in an undistorted state is unexpected, unless the translational energy is used to modify the substrate, e.g. to create the defect at which adsorption can take place. Interestingly no bound state is found by theory in Local Density Approximation calculations for C 2 H 4 /Ag(001), while stable adsorption is predicted at less coordinated atoms like adatoms or at steps.
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When T N is increased above 870 K, new peaks appear in the HREEL spectra at 69 and 85 meV. The C-H stretch moves thereby to 370 meV remaining very weak and the wag mode region is dominated by a prominent doublet at 112 and 124 meV. Intriguingly only a single wag mode, at 89 meV, is observed for adsorption of deuterated ethylene for all T N (see panel b in Fig. 6 ). We observe however a small shift in the C-H stretch which moves from 273 meV to 275 meV indicating that the adsorbed moiety is no longer the same as for the protonated species. Minor losses are moreover at 129 and 146 meV. The loss at 129 meV has its counterpart at 177 meV for the protonated moiety and is assigned to the scissor mode of ethylene. The mode at 146 meV is attributed to the C-C stretch. For ethylene on Ag(110) Backx et al. 1 observed such modes for C 2 H 4 adsorption on oxygen pre-covered Ag(110) at 164 and 194 meV for scissor and C-C stretch, respectively. The lower frequency of the C-C stretch is in accord with the stronger bond of the ethylene with the substrate in this state.
The loss at 69 meV is assigned to the molecule surface stretch but it might also have a component due to adsorbed hydrogen, which might indeed be the 51 meV loss observed for the deuterated species. The molecule-surface stretch would then overlap with the loss at 64 meV. The 85 meV loss has its counterpart at 64 meV. From the isotopic shift and from the frequency we assign it to a dehydrogenated ethylene radical.
When heating the nozzle to still larger T N , the losses at 70 and 85 meV (51 and 64 meV for deuterated ethylene) increase in intensity, while the C-H stretch becomes dominant and shifts to 381 meV (283 meV). This mode is however unrelated to the moieties vibrating at 70 and 85 meV since their loss intensities are not correlated. For the pronated species (panel a) the doublet at 113-126 meV is still present at 173 K and it has nearly disappeared at 223 K. The peak at 86 meV persists and shifts to 92 meV at 300 K. A small peak shows up at 56 meV and disappears eventually at about 300 K. Similarly for deuterated ethylene (Fig. 7b ) the peak at 64 meV shifts to 68 meV. The peak at 92 meV (for the protonated moiety) and the peak at 68 meV (for the deuterated species) are partially removed after annealing to 745 K. In most cases ion sputtering was needed for a total removal. In another experiment we allowed the sample to heat up slowly, after dosing at T S = 105 K with T N = 870 K, by switching off the liquid nitrogen cooling. In this case the doublet was still present at 180 K, while its intensity decreased and the loss at 92 meV increased.
Experiments, performed at high T N for molecules impinging at an angle of incidence θ N = 45
• and employing a pure beam, show the same adsorption state found at normal incidence at the same T N . This finding demonstrates that the chemisorption probability does not obey normal energy scaling.
Ethylene on atomic oxygen pre-covered Ag(001) surface
The adsorption states of ethylene, when dosing is performed on oxygen pre-covered Ag(001), are similar to those observed for the bare surface. As shown elsewhere oxygen adatoms can form two different phases characterised by different O1s binding energies and different adsorption geometries. HREEL spectra for ethylene adsorption on the missing row reconstructed, low temperature oxygen phase are shown in Fig. 8 , where panels a and b refer to the protonated and the deuterated species, respectively. The lowest spectrum of panel A was recorded after dosing C 2 H 4 with the nozzle at room temperature. The wag mode frequency has an energy of 120 meV, i.e. 3 meV higher than for adsorption on the clean surface. The shoulder on the high energy side is due to the underlying subsurface oxygen related interband transition at 130 meV. 25 The loss at 34 meV contains the unresolved contributions of the O and of the C 2 H 4 stretch against the surface. We note that for the high temperature unreconstructed oxygen phase, on the contrary, the frequency of the wag mode remains essentially the same as for the clean surface (not shown). In both cases, the presence of oxygen suppresses the activation barrier to adsorption in accord with the result for oxygen pre-covered Ag(110).
1 For T N = 870 K we observe again a splitting of the wag mode. The two peaks are at 114 meV and 126 meV, slightly shifted with respect to the clean surface. The C-H stretch, at 370 meV, is much more intense than for adsorption on the clean surface. Minor losses are present at 69, 158 and 177 meV. We assign them to C 2 H 4 -Ag, to the CC stretch and to the scissor mode, respectively. The loss at 86 meV appears only for T N = 910 K. The CH region is then dominated by a small loss at 360 meV. Interestingly the 69 meV peak is not present under these conditions. In the twin experiment with deuterated ethylene [see Fig. 8(b) ], we find for T N = 300 K a weak loss at 90 meV, due to the wag mode, accompanied by a loss at 128 meV, assigned to the scissor mode of the molecule. The latter loss was observed also for C 2 H 4 /Ag(110).
1 The CD stretch is now clearly visible at Ethylene behaves therefore similarly when interacting with the clean and atomic oxygen pre-covered surface, the main difference being that the adsorption probability is larger. Since the oxygen losses are still visible after ethylene adsorption, the latter adsorbs next to the oxygens, not on top of them as in the case of pre-adsorbed O 2 (see next paragraph). The C-C stretch is observed at 158 meV (146 meV for the deuterated species), in agreement with the value reported by Backx et al. for OAg(110).
1 The deuterated experiment clearly shows that the CD band is broader when the peak at 63 meV is present, indicating that it consists of two or more components. Finally we notice that the 64 meV peak appears in the experiment at a lower temperature than the 86 meV peak. This is only an apparent contradiction since the 64 meV peak is also related to the molecule-surface stretch (at 69 meV for the protonated molecule). Flashing the layer, the spectra modify as shown in Fig. 9 . In accord with the observation for the clean surface the layers obtained with the cold and hot nozzle dose behave differently. At low T N [see Fig. 9 (a)] no C 2 D 4 loss survives after annealing to RT, thus leaving only the Ag-O stretch mode. At high T N (Fig. 9b) , on the contrary, the loss at 68 meV remains up to high surface temperatures, as it happens on the clean surface.
Ethylene on molecular oxygen precovered Ag(001) surface
In Fig. 10 we show spectra recorded after dosing C 2 H 4 on a molecular oxygen pre-covered sample at low T S . The O-O stretch at 84 meV is the only vibrational signature of the oxygen admolecules.
When ethylene is dosed with T N = RT (panel a), a loss around 124 meV which increases in intensity with exposure shows up, while the loss at 84 meV is suppressed. The suppression of the stretch vibration indicates that ethylene adsorbs on top of the di-oxygen molecules, thus screening their vibration. A further loss forms at 40 meV, corresponding to the ethylene-O 2 stretch. The wag mode was reported at 124 meV also for the backfilling experiments of Backx et al. on O 2 /Ag(110). surfaces, we observe a doublet at the ethylene wag mode energy (peaks at 117 and 128 meV) and further losses at 39, 73, 170 and 367 meV. The assignment of these modes is similar to the case of adsorption on the clean surface, the mode at 170 meV being related to the scissor mode, the one at 367 meV to the CH stretch. The 73 meV peak is due to the molecule-surface stretch indicating that in this case the ethylene admolecules are bonded to the Ag substrate. The evolution of a layer similar to that of panel b of Fig. 10 after annealing to different temperatures is shown in Fig. 11 has desorbed in the meantime, but the peaks due to ethylene at 37 and 120 meV (probably an unresolved doublet) are still observed. At 300 K a feature has formed at 94 meV, in accord with the case of C 2 H 4 adsorbed on bare Ag(001). Such feature persists even after annealing to 740 K.
Reaction of ethylene with oxygen
We have carefully looked for the formation of ethylene oxide resulting from the reaction of ethylene with preadsorbed oxygen under the following conditions:
(a) ethylene dosed with room temperature nozzle on atomic oxygen both at a sample temperature of 105 K and 300 K; (b) ethylene dosed with the hot nozzle on atomic oxygen at T = 105 K and T = 300 K; (c) cold and hot ethylene beams on adsorbed molecular oxygen at 105 K; (d) pure and seeded oxygen beams on adsorbed ethylene at 105 K.
In no case we could detect an increase at mass 29 or a significant reduction of the intensity of the preadsorbed species after exposure to the reactant. If reaction occurred, the probability of formation of EtO is certainly below 1%, as estimated by the dose and the sensitivity of QMS and HREELS.
Adsorption on stepped (n10) Ag surfaces
In order to investigate the role of defects and to understand the nature of the barrier to adsorption in the π bonded state, we recently performed similar adsorption experiments on Ag(410) and Ag(210). Such surfaces are characterised by a regular array of open (110) steps separated by three and one atomic row wide (100) terraces, respectively. In both cases we find adsorption also when dosing ethylene with the pure beam and with the nozzle at room temperature. The energy of the wag mode is then at 125 meV for Ag(410) and at 120 meV for Ag(210), i.e. 8 and 3 meV higher than for flat Ag(001) terraces, respectively. The two adsorption sites are therefore similar, but not identical. Since ethylene sits most probably on top of the step atoms, 23 the difference might be connected to a different relaxation of the step atoms. When annealing such layers ethylene desorbs at T = 155 K leaving a bare surface as shown in the right panel of Fig. 12 for the Ag(410) surface.
The two surfaces behave however very differently when dosing is performed with high T N . As shown in the left panel of Fig. 12 no doublet forms for Ag(410) even at T N = 870 K. It forms on the other hand readily for Ag(210). The absence of the doublet on Ag(410) confirms a posteriori that the moiety responsible for it does not originate from fragments caused by pyrolisis in the nozzle. The thermal evolution of the layer on Ag(210) is similar to the one observed for Ag(001) and a loss at 94 meV forms which remains stable up to high crystal temperatures. 4. Discussion
Assignment of the losses
The identification of the chemical species (molecules and radicals) associated with the vibrational losses for hydrocarbon adsorption on metal surfaces is a difficult task for the following reasons:
(1) even small hydrocarbon molecules have a high number of modes (12 for ethylene); (2) after adsorption on a surface, some modes may shift in energy due to chemisorption; (3) the molecule may, and in many cases does, dissociate so that fragments with different degrees of dehydrogenation may coexist at a certain temperature; such radicals have different symmetry and different frequencies when compared to the non-dissociated molecule; (4) not all modes are dipole active and some may have a more or less pronounced impact contribution to their intensity.
As a proof of that, we note that in the huge literature on the subject one often finds different assignments for the same system, possibly leading to remarkably different interpretation of the chemistry involved in the adsorption process. The frequency shift of a mode with respect to its gas phase value may change from system to system. It depends mainly on the amount of charge transfer between the surface and the molecule: the larger the chemisorption strength is, the larger the changes the molecule undergoes after adsorption and the larger the frequency shifts of the modes involved in the charge transfer, even in case of non-dissociative adsorption. For example, to evidence the π or σ character of the bonding of a hydrocarbon molecule to a surface, a linear combination of CC and CH 2 frequencies has often been used. The basic idea is that a larger shift of the CC stretch with respect to the gas phase value corresponds to a stronger rehybridization of the molecular orbitals upon adsorption. 26 Isotopic labelling is often helpful in the assignment of the modes. In case of hydrocarbons deuteration is particularly useful due to the large frequency shifts.
Cold nozzle experiments
For C 2 H 4 /Ag(001) the assignment of the modes obtained after dosing with the nozzle at room temperature is straightforward. The mode at 117 meV (89 meV), a and the mode at 367 (273) meV are due to the wag motion of the CH 2 groups and to the CH stretch, being close to the gas phase values and to the frequencies of C 2 H 4 /Ag(110).
1 Moreover Backx et al. 1 assigned lower intensity features at 164 (124) and 194 (182) meV to the CH 2 scissor and C-C stretch modes, respectively. Such modes are however not visible in our experiments. The observed peaks are compatible with π-bonding, whose occurrence is confirmed by the ethylene desorption temperature of 140 K.
Hot nozzle experiments
The assignment of the losses in the spectra obtained after dosing vibrationally hot ethylene, is a more difficult task and will be accomplished by comparing the measured frequencies with those reported for similar systems. A survey of such modes is reported in Table 1 .
After dosing vibrationally hot ethylene (T N = 870 K, see Fig. 6 ) on the bare Ag(001) surface, the CH stretch is at 370 (275) meV, only slightly shifted from the value obtained at lower T N . The broad loss with low intensity at around 177 (129) meV can be assigned to the CH 2 scissor mode following the assignment for C 2 H 4 /Ag(110).
1 No C-C stretch is observed for adsorption on the bare surface, but a broad and low intensity band is present at 158 meV for ethylene adsorption on O-pre-dosed Ag(001). This energy is lower than the one reported for backfilling experiments of C 2 H 4 on Ag(110), 1 confirming that the chemical state reached with vibrationally hot molecules is more strongly bound.
Let's discuss now the doublet at 112-124 meV in the wag mode energy region. As it is apparent from Fig. 6(a) , these losses show up when dosing C 2 H 4 with a The value in parenthesis refers to the value determined for the deuterated molecules. T N > 874 K and have initially a comparable intensity. At higher T N the intensity of the 112 meV loss (now at 113 meV) gets larger than the one at 124 meV. After dosing the deuterated species with T N > 870 K [ Fig. 6(b) ], on the other hand, only a single loss at 89 meV is present. This fact indicates either that different states form for the protonated and the deuterated species -an hypothesis difficult to justify -or that the wag mode is splitted by a Fermi resonance in the hydrogenated case. The latter, more reliable, explanation implies however that the wag mode frequency nearly coincides with that of another mode. Possible candidates are the second harmonic of the molecule-surface stretch or the C-C stretch. The former mode is identified with the loss at 69 meV; for the numbers to be correct, it should be strongly anharmonic. For the latter case we would need a strongly redshifted C-C stretch, as pertinent for a rehybridized σ species. This is in contraddiction with the assignment of the C-C stretch to the small loss at 158 meV observed dosing vibrationally excited ethylene on oxygen pre-covered Ag(001). The hypothesis about the Fermi resonance is thus reasonable but not unproblematic. The species formed by vibrationally excited ethylene is in any case more strongly bound than the π bonded species accessed by vibrationally cold molecules since it desorbs above 200 K. The desorption temperature and the possible assignment of the peak at 158 meV to the C-C stretch are indicative of σ bonding. Both the wag mode frequency and the CH stretch are indeed in the expected range since on Pd(100), 27 a clear cut di-σ bonded case, they read 115 (82) meV and 372 (277) meV, respectively. σ bonded moieties have however usually an intense C-C stretch (at 142 meV on Pd(100)), which is very weak or absent in our case. The behaviour of C 2 H 4 /Ag(001) is thus similar only to the case of σ bonded C 2 H 4 /Ru(100), 28 for which a very weak C-C signal was detected. If the π-σ parameter is calculated in our case (assuming a C-C stretch at 158 meV), we get a value (0.50) pointing towards σ bonding or, at least, in between sp 3 and sp 2 hybridisation. Following a general argument, σ bonding is not expected on Ag, due to the large energy distance between the d bands and the vacuum level, which prevents strong rehybridisation of the molecule. σ bonded ethylene has however been proposed to form on Ag(111) after electron irradiation of the π bonded layer obtained by dosing molecules by backfilling, i.e. at low translational and internal energy. Unfortunately Zhou and White 8 did not perform vibrational analysis but identified the σ species from the desorption temperature peaked at 200 K, too high a value for π bonding.
When annealing the surface deqhydrogenated fragments form. The most prominent peak is at 86 (64) meV. The possible fragments resulting from ethylene adsorption on transition metal surfaces are:
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Species (2) and (4) contain an upstanding CH 2 group (ethylidine and methyl). They are therefore easily ruled out since no strong loss associated to the scissor mode is observed, as e.g. in the case of ethylidine/Pt(111) 29 (at 167 (124) meV)) and of methyl/Pd(100) 27 (at 181 meV). For ethylidine also a strong CC stretch would be expected (at 140 (145) meV on Pt(111)).
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Methylidine (6) has the bending in the correct energy range (116 meV for methylidine/Pd(100) 30 ), but must be ruled out as it always gives an intense CH stretch (365 meV on Pd(100)), not observed in our experiment.
If vinyl (1) had formed a scissor mode of relevant intensity should be observed since it has a CH 2 group, though not usually upstanding. On Ni(100) vinyl yields losses at 95 (79) and 114 (79) (bending modes), 160 (106) meV (scissor) and 194 meV (C-C), 31 together with CH stretch modes at 365 (275) and 386 (292) meV. On Pd(100) vinyl was identified with a species with losses at 117 meV (bending), 141 meV (C-C), 367 meV (CH) and 180 meV (scissor).
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Acetylenic fragments (3) lead to two different types of spectra, usually labelled as type A and type B. 32 In the former case, corresponding to acethylene chemisorption on Cu(111) and Ni(111), the spectra are dominated by a strong loss at 158 meV corresponding to the C-C stretch with weaker losses at 85, 115 and 365 meV. In the B type, reported e.g. for Ni(110), Pd(111), Pd(110), Rh(111) and Pt(111), the main feature in the spectrum is the bending mode at 87 meV, with much weaker C-C and CH stretch. The spectrum observed in our experiment at T N = 910 K, can be then described as due to at least two different moieties: one of them, present already for T N = 870 K, yields the doublet at 112-124 meV, while the other, which appear to be significant only at 910 K (900 for C 2 D 4 ), is characterised by a strong loss at 85 meV. The spectrum of the latter moiety is quite similar to the acetylenic spectra of type B described above for Ni(110) characterised by a prominent loss at 84 meV with a weak CH stretch at 369 and a weak loss at 114.
32
Alternatively, acetylide (CCH) has the bending mode in the correct energy range: 86 meV for Ag(110), 33 91 meV (with a component at 102 meV) for Ni(100) 34 and 92 meV for Cu(100).
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If dehydrogenation has occurred, hydrogen related losses would be expected. The possible energy range spans between 60 meV, as observed on Ag(110), and 100 meV, as found on Ag(111). 36 We therefore identify the D-Ag(001) stretch with the loss at 51 meV; the protonated analogue is superposed with the molecule-surface stretch at 69 meV. Even if we cannot exclude that the peaks assigned to acetylide are on the contrary due to a σ bonded acetylenic fragment (C 2 H 2 ), the losses observed after annealing to room temperature, 92 meV (68) and a weak stretch at 378 (276) compare very well with the frequency reported for acetylide on Cu(100) (92 meV for the bending mode and 377 for the CH stretch 35 ) as well as for the same moiety on Ag(110) (86 meV for the bending mode 33 ). We may then argue that C 2 H 2 dehydrogenates to CCH upon annealing, thus causing the shift of the peak from 87 meV to 92 meV and that the so formed hydrogen has desorbed. When the layer is annealed the loss at 86 (64) meV shifts to 92 (68) meV, the doublet at 112-124 (the single loss at 89 meV) disappears and hydrogen desorbs as testified by the disappearance of the loss at 51 meV. In our previous letter we speculated that the new moiety, which is stable up to quite a high crystal temperature, might be due to the assembly of dehydrogenated radicals. The frequency indicate that the building block has to be CCH and that the chain has to be parallel to the surface, otherwise strong CH stretch modes should be observed. Our data do not allow to discriminate between a chain and an unsaturated benzenic ring.
Finally we would like to comment on the fact that, when dosing at T N = 870 K, part of the molecules must still be adsorbed in the π bonded state, as indeed confirmed by thermal desorption. The HREEL spectrum is however dominated by the features of the more strongly bound σ moiety. In Fig. 13 we show the result of two consecutive doses: the first at T N = 850 K, yielding a loss at 117 meV (π bonded moiety); the second at T N = 870 K showing a well developed doublet. Since the energy distribution of the gas-phase molecules at T N = 850 K and 870 K are quite similar, with a small fraction of vibrational excited molecules having a 
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slightly higher translational energy for the higher temperature, we have to conclude that a mixed layer consisting of both π and σ bonded molecules is present on the surface when dosing at T N = 870 K, in agreement with the broad double structure observed in TPD.
4.1.3. Ethylene on molecular oxygen covered Ag(001) surface Dosing ethylene on a surface covered with molecular oxygen at low T N we observe a screening effect for the O-O stretch at 84 meV which decreases with increasing ethylene coverage. The screening effect is indicative that ethylene adsorbs above the O 2 admolecules. Thermal desorption unambiguously shows however that oxygen desorbs together with ethylene so that little or no reaction has taken place.
The O 2 losses are not suppressed when hot ethylene molecules are dosed. In this case the adsorption site is therefore on the Ag-substrate, as witnessed also by the formation of the doublet in the wag mode frequency region. When annealing above 300 K only the loss at 94 meV remains, as for the clean surface. The disappearance of the Ag-O stretch is most probably due to the dissolution of oxygen into the bulk and not to reaction with ethylene, since dissolution is known to occur for the clean surface. In Fig. 4 we showed the initial sticking coefficient of ethylene on Ag(001) as a function of translational energy for θ N = 0
• . The molecules of the seeded beam with T N = 300 K and of the pure hot beam with T N = 870 K have the same translational energy (0.36 eV) but quite different internal energies, due to the different population of excited vibrational and rotational levels. It is evident that the adsorption probability is heavily reduced in the case of hot molecules. This could be due, in principle, either to the presence of vibrationally or of rotationally excited molecules. We note, however, that the population of the lowest energy vibrational mode of the ethylene molecule is only 20% at 870 K. Even assuming a zero sticking probability for them, the sticking of the pure beam would be 80% of the one of the seeded beam, reading 0.3 instead of 0.15 as observed. Therefore the observed decrease cannot be ascribed to the influence of vibrationally excited molecules.
Rotational energy could on the other hand play a role, since the rotational temperature of the seeded beam is 12 K for T N = 300 K and 110 K for a pure beam at T N = 900 K. These temperatures are estimated by the relation
where M is Mach's number and γ the ratio of constant pressure to constant volume specific heat. 
Such rotational temperatures correspond to an average quantum number J = (2±1) for the seeded beam at T N = 300 K and J = (8 ± 4) for the pure beam with the hot nozzle.
We explain the suppression of the physisorption probability of rotationally hot molecules with the following qualitative argument. Rotations of elongated molecules interacting with a surface can be classified as helicopter or cartwheel motion. In the former case the rotation axis is perpendicular to the surface, so that the distance of the molecule from the surface does not depend on the rotational number, while in the latter the axis is parallel to the surface. Rotations are known to affect the chemisorption probability, indeed in chemisorbed systems rotational motion may prevent adsorption since it inhibits the steering of the molecules into the most favourable transition state for adsorption. The effect of rotations on physisorption is less obvious, however steering might be important also for physisorption since the physisorbed molecules stays flat on the surface, as in the chemisorbed case. However, for cartwheel motion, the center of mass of the molecule might simply be prevented from approaching enough to the surface, thus reducing the strength of the Van der Waals interaction.
Moreover while with the seeded beam most molecules access the physisorbed state and are then desorbed at the end of the dose, as proved by the existence of transient desorption, vibrationally hot molecules enter into a stable chemisorbed state. With the seeded beam only a minority of molecules access the π bonded state, as evidenced by the spectra reported above. The lifetime of the physisorbed state was evaluated in our letter 17 from the time constant for desorption as obtained by the transient desorption signal and comes out to be τ = 0.7 sec. With a reasonable value for the prefactor for desorption (ν = 10 12 ) the relation
yields a binding energy E = 0.25 eV, a value appropriate to physisorption of hydrocarbons. The change of ν by a factor ten changes E by only 20 meV. These considerations prove that the state desorbing at 110 K:
(a) is not the multilayer observed by Arvanitis et al. 9 at 60 K, because at 110 K it has already desorbed and also because the metastable equilibrium coverage at 110 K, as estimated by the area under the King and Wells curve is lower than 0.1 ML, (b) is not the π bonded state which is stable up to about 140 K and is indeed observed by HREELS with no drop in the loss intensity over one hour time, i.e. much longer than expected for the multilayer regime.
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The chemisorption regime
Even if the total adsorption probability (in the physisorption and in the chemisorbed wells) decreases with increasing translational and internal energy over the investigated range, the sticking probability into stable states at 110 K, i.e. the total chemisorption probability increases with both translational and internal energy. In fact, at low E t and E int , significant desorption is observed at the end of the dose and no losses are detected by HREELS while, with increasing E t and E int , the opening of stable chemisorption channels occurs. The threshold is at T N ≈ 850 K for the pure beam. This proves that at least the barrier for adsorption into the stable π bonded state is along the translational coordinate. With increasing T N other channels open up, indicating that also the threshold for adsorption into more strongly bound states (σ state and dissociative adsorption) has been reached. Such barrier cannot be simply on the internal energy barrier, since over an interval of 20 K the HREEL spectra change completely while the population of excited vibrational levels of the CH stretch, of the bending mode and of the CC stretch is only weakly modified. As it is evident in Fig. 14 , indeed,when T N increases from 850 to 870 K, the CH stretch population remains very small and the CC stretch population changes from 6 to 8%. Moreover 20% of the molecules are in their first excited vibrational bending state already at 850 K. This implies that both translational and internal energy are involved: the barrier in the translational coordinate depends on the internal state and at 870 K some of the vibrationally excited molecules can stick, while at 850 K they still cannot. As this system has a succession of different seeing is just the threshold at which the σ bonded state starts to be accessed. It is therefore not correct to speak of a barrier height, as the value of the latter is defined as the energy of the inflection point at which the adsorption into the relevant state is at one half its maximum value. Unfortunately this value cannot be determined as, with increasing energy, other channels open up so that the sticking probability into the different states are not easily determined. If we could perform state resolved experiments we would have a series of S curves in the translational coordinate with different barriers depending on the adsorption states and on the different internal state of the molecule. A similar result was found by Holmblad et al., 39 who observed that dissociative sticking of methane on Ni(001) is dominated by a barrier located in the vibrational coordinates of the Potential Energy Surface.
The σ bonded state and the dissociated states are not accessed by a seeded beam dosed at high T N , but only by a pure hot beam. This phenomenon remains however unexplained. The difference cannot arise from the flux, which differs not more than a factor of 2 between the seeded and pure beam. Moreover the flux is expected to affect the probability to populate a metastable state but not the saturation coverage of a stable state and we failed in observing any fragment even after prolonged exposure to the seeded hot beam. We also note that, as the temperature of the nozzle is the same in the two experiments, the population of excited vibrational states is the same. The solution must therefore be connected (a) either to the fact that the translational energy of the hot seeded beam is twice as large as that of the pure hot beam (b) or to the fact that the rotational energy of the seeded beam is much lower than that of the pure beam at the same T N due to the cooling effect caused by collisions with He atoms in the seeded mixture.
We have no experimental proof to exclude one or the other hypothesis. The existence of a translational barrier to adsorption in the σ bonded state (necessary to explain why only 20 K difference in T N make a difference in the HREEL spectra) makes it unlikely that the hypothesis (a) is sufficient. If it would be the case, the adsorption probability for an excited molecule into the σ bonded state should first increase with translational energy and then decrease rapidly, since this moiety is not observed for T N = 675 K. We are then left with possibility (b) regarding the role of rotations. This result, though complicated, should not seem too strange. Indeed state resolved investigations by Michelsen, Rettner and Auerbach 40 concerning D 2 dissociative adsorption on Cu(111) have shown that the value of the barrier in the translational coordinate depends not only on the vibrational state ν but also on the rotational number J. In particular they found that the dependence of the barrier height on J is not monotonic for the fundamental and for the first vibrational state of the D 2 molecule. In their case the barrier at low J for ν = 1 is the same as at high J for ν = 0. This demonstrates that both vibrational and rotational excitations are effective in promoting dissociative adsorption at intermediate translational energy. Similar conclusions have been reached for N 2 on W(110). 41 We can speculate that Ethylene Adsorption 27 the same mechanism holds for ethylene on Ag(001), provided that the translational barrier for vibrationally hot molecules (ν = 1) at low J exceeds 0.7 eV and that it is of the order of 0.3 eV for high J, again for ν = 1. For the fundamental vibrational state we expect on the other hand barriers higher than 0.7 eV for all J.
Ethylene adsorption on Ag(n10)
The spectra reported above for ethylene adsorption can be compared to the results obtained for Ag(001). The comparison is very interesting and fruitful as it shows that:
(a) on Ag(410) and Ag(210) the translational barrier for adsorption into the π bonded state is removed. This state is accessed already at low translational and internal energy, i.e. with the pure beam and T N = 300 K; (b) on Ag(410) neither the σ bonded nor the dissociated fragments are observed.
They form on the contrary on Ag(210).
The former result is fully accounted for by the role of defects. A recent DFT investigation of ethylene adsorption has been performed by Kokalji et al. 23 who find no stable chemisorbed state for ethylene on an ideal flat Ag(001) surface, but stable adsorption at defects. The same result is reached in a recent calculation by E. King 42 for Al(001) The theoretical suggestions allow us to propose the following picture. On Ag(001), where no defects are present, adsorption at low energy is not possible, except for physisorption. When energy is increased chemisorption starts. The energy barrier corresponds thereby to the energy needed to create the relevant defect, possibly adatoms or kinks at steps. When a significant fraction of open steps is present (as it is the case on the vicinal Ag(n10) surfaces) no energy is needed to create the active sites and the activation barrier is removed. The absence of the highly bound species on Ag(410) and their formation on Ag(210) and Ag(001) is surprising. The sticking into these states requires vibrational energy but also depends on translational and rotational energy: our findings might be indicative of a slightly higher activation barrier for Ag(410).
Conclusions
The details of the ethylene interaction with Ag(001) are quite complex. We identified five different adsorption states:
(a) a physisorbed state, which is metastable at 90 K, and has a binding energy of 0.25 eV/molecule. 17 The adsorption probability for such state decreases with increasing translational and internal energy. XPS investigation shows that it has a C(1s) binding energy of 285.2 eV. (b) a very weakly chemisorbed state with a C(1s) binding energy of 284.8 eV and an adsorption energy of 0.27 eV. These states are not observed by HREELS due to the too short lifetime at T S = 105 K. and methylidine, are formed by dosing at the highest T N . Such states are accessed only at the highest T N , and are consequently characterized by a large internal energy activation barrier. Upon heating, the former species rearranges to form chains or rings containing CCH units.
No evident reaction between ethylene and atomic or molecular oxygen was found, neither at low nor at high impact or internal energy.
